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A bstract
W e conjecture that neutrino physics m ight correspond to the spontaneous
m agnetisation phase ofan Ising-like spin m odelinteraction coupled to neu-
trino chirality which operates at scales close to the Planck m ass. W e argue
thatthisscenario leadsto a sim pleextension oftheStandard M odelwith no
additionalparam etersthatdynam ically generatesparity violation and sponta-
neoussym m etry breaking forthegaugebosonswhich coupleto theneutrino.
Theneutrinom assin them odelism   
2
ew =2M whereew istheelectroweak
scaleand M isthescaleofthe\spin-spin"interaction.Fortheground stateof





 m ,consistentwith observation.
steven.bass@ cern.ch
1 Introduction
Theneutrinosectorisoneofthem ostpuzzlingin particlephysics.Only left-handed
neutrinosparticipatein weak interactions.Recentexperim entshave revealed oscil-
lationsbetween the three fam iliesofneutrino plussm allneutrino m asses,with the
heaviestneutrino m ass 0:05eV,m uch lessthan them assesofthecharged leptons
and quarks. The m assofthe lightestneutrino ispresently notwellconstrained al-
though fora norm alhierarchy ofneutrino m asseswith m 1  m 2  m 3 one nds
m 1  m 2  0:008 eV { for recent reviews see Refs.[1,2,3,4,5]. Possible ex-
planationsforthesm allneutrino m assinvolve eitherright-handed sterileneutrinos
(togetherwith som e additional\new physics" to suppressthe m assrelative to the
charged leptons)orM ajorana m assterm swith localcoupling to scalarHiggselds
using thesee-saw m echanism [6]to push them assoftheright-handed neutrinosto
a very high scale,thus connecting the neutrino sector with new physics at m uch
higherm assscales.
Itisinteresting to ask whetherthere m ightbe an alternative explanation:Can
we constructa dynam icalm echanism which yields observed neutrino physics ? Is
there an analogue situation in other branches ofphysics that one m ight hope to
learn from ?
Here we investigate a possible analogy with the Ising m odelofstatisticalm e-
chanics and,m ore generally,spin glass. Suppose thatwe associate the \spins" in
theIsing m odelwith neutrino chirality and the\internalenergy perspin" with the
neutrino m ass.Theground stateoftheIsing m odelexhibitsspontaneousm agneti-
sation where allthe \spins" line up;the \internalenergy per spin" and the free
energy density ofthespin system go to zero.
Thisobservation suggeststhe possibility that,perhaps,neutrino physicsm ight
arise from collective spin m odelphenom ena at a large scale,logarithm ically close
to the Planck m ass. Electroweak interactionsm ightbe included asan \im purity"
in them odel:the ! eW processcorrespondsto a sm allbutniteprobability for
oneofthe\spins" to turn o iftheIsing interaction couplesjustto neutrinos.The
spontaneousm agnetisation phasethen exhibitsparity violation astheright-handed
neutrino decouples from the physics. W e argue that it also exhibits spontaneous
breaking oftheSU(2)gaugesym m etry coupled to theneutrino.Theneutrino m ass
m  inthispictureisexpected tobeabout
2
ew=2M whereew istheelectroweakscale
and M isthescaleofthespin m odelinteraction.Thefreeenergy density ofthespin
system behaves like a cosm ologicalconstant and for the low energy spontaneous
m agnetisation phase is 
1
4
  m + O (kT),where kT  0:0002 eV for the CM B
tem peratureoffreespace.
1
2 Ising m odeldynam ics
W erstbriey outlinethebasicsoftheIsing m odel(forreviewssee[7,8])and then
discuss sim ilarities and possible application to neutrino physics. The Ising m odel
usesaspin latticetostudy ferrom agnetism foraspin system in therm alequilibrium .
Applications include crystals,lattice gases and spin glass. One assigns a \spin"
(=  1)to each site and introducesa nearestneighbour\spin-spin" interaction.In
two dim ensionstheHam iltonian reads
H =   J
X
i;j




Here J is the bond energy and h = B where B denotes any externalm agnetic






exp(  H ): (2)
Here  = 1=kT where k is Boltzm ann’s constant and T is the tem perature;k =
1:38 10  23 JK   1 = 8:617 10  5 eV K   1 and kTj300K = [38:68]
  1eV . W e can
norm alise theenergy by adding a constantso thatneighbouring parallelspinsgive
zero contribution. Then,the only positive contribution to the energy willbe from
neighbouring disjoint spins of2J and the probability forthatwillbe exp(  2J).
Oncea m agnetisation direction isselected,itrem ainsstablebecause oftheinnite
num berofdegreesoffreedom in thetherm odynam iclim it.
The\internalenergy perspin" corresponding to theHam iltonian in Eq.(1)is













































 = F + TS (7)
2
where S is the entropy. The pressure for the spin system is p =   F. The Ising
m odelhasa second orderphasetransition and exhibitsspontaneousm agnetisation.
In two dim ensions the criticalcoupling (J)c is determ ined through the equation








Them agnetisation vanishesfor(J)< (J)c.In thelim itJ ! 1 ,onends
(J)=   2J   24J exp(  8J)+ ::: (9)
F =   2J + 3kT exp(  8J)+ ::: (10)
and
M = 1  2exp(  8J)+ ::: (11)
Asadvertised above,the zero-pointenergy isthen renorm alised by adding +2J to
(J)and F (or2JN to the Ham iltonian where N isthe num berofspin sites)so
that the \internalenergy per spin" and free energy density vanish in the ground
state with spontaneousm agnetisation: (1 )= 0. In general,the criticalcoupling
dependson the num berofdim ensions. For1,2,3 and 4 Euclidean dim ensionsthe
criticalcoupling (J)c is1 ,0.441,0.167 and 0.150 respectively.
Onecan extend them odelto spin glasses[9]by introducing a probability distri-
bution overtheparam etersofthem odel,e.g.thebond energiesJ and them agnetic
m om ents.
3 N eutrinos
How can weconstructan analogy with neutrinosand particlephysics?
First,theIsing-likeinteractionitselfm ustbenon-gaugedotherwiseitwillaverage
to zero and there willbe no spontaneous sym m etry breaking and no spontaneous
m agnetisation (seee.g.page51 of[7]).
Second,itisnecessary to seta m assscale forJ. Ifthe Ising m odelanalogy is
to have connection with particle physics itisim portantto note thatthe coupling
constantforthe\spin-spin"interaction isproportionaltothem assscaleJ.Itthere-
forecannotcorrespond to a renorm alisable interaction suggesting thatuctuations
around the scale J occur only near the extrem e high-energy or high-tem perature
lim itofparticle physicsnearthe Planck m assM . W e considerthe eectoftaking
J  +M .The com bination J isthen very largem aking italm ostcertain that,if
the analogy isapplicable,the spontaneousm agnetisation phase isthe one relevant
to particlephysicsphenom ena.(Ferm ion generationsin particlephysicsm ightbea
furtherhintatsom ekind ofspin related dynam icsata very high m assscale.) The
3
exponentialsuppression factore  2J ensures thatuctuationsassociated with the
Ising-likeinteraction arenegligible,thuspreservingrenorm alisabilityforallpractical
purposes.




coupled to quarks and leptons with no chiraldependent couplings and unbroken
localgauge invariance. W e then turn on the non-gauged Ising interaction coupled
justto theneutrino in theuppercom ponentoftheSU(2)isodoubletwith thecou-
pling J  M  s;ew; (the QCD,SU(2)weak and QED couplings). Itseem s
reasonablethattheIsing interaction hereexhibitsthesam etwo-phasepicturewith
spontaneousm agnetisation. Then,in the sym m etric phase where J < (J)c the
theory is sym m etric under exchange ofleft and right handed neutrino chiralities
and we have unbroken localgauge invariance. In the spontaneous m agnetisation
phasetheneutrino vacuum is\spin"-polarised,a choiceofchirality ism adeand the
right-handed neutrino decouplesfrom the physics. Parity isspontaneously broken
and thegaugetheory coupled to theleptonsbecom es
SU(2)L 
 U(1) (13)
ItisreasonabletobelievethattheSU(2)gaugesym m etry coupled totheneutrinois
now spontaneously broken.To understand how theW  and Z0 gaugebosonsm ight
acquire m ass,rstconsider the issue ofconnem ent. Before we turn on the Ising
interaction we have QCD quark and gluon connem entplusa vectorSU(2)gauge
theorywith electron andneutrinoconnem ent.Connem entisintim atelyconnected
with dynam icalchiralsym m etrybreakingand thegeneration ofDiracm assterm sfor
constituentquarksand (atthisstage)analogueconstituentleptons. (See Ref.[10]
fora recentdiscussion in QCD 1 and Ref.[11]foran overview how thisconnection
isim plem ented in thephenom enologicalBag m odelofconnem ent.) Nextturn on
the Ising interaction and go to the spontaneous m agnetisation phase. The right-
handed neutrino decouples from the physics: the scalar chiralcondensate for the
neutrino \m elts" and theconning solution fortheneutrino should disappear.The
left-handed neutrino willwantto escapetheconnem entradiuswhereastheSU(2)
gauge bosons willwant to rem ain conned { in contradiction to the fundam ental
SU(2) sym m etry. Som e m odication ofthe propagators m ust happen,viz. m ass
generation forthe gauge bosonsand the transition from the connem entto Higgs
phasesofthem odelso thattheCoulom b forceisreplaced by a forceofniterange
1PureYang-M illstheory and Yang-M illstheory coupled to ferm ionsareboth conning theories
butthem echanism isdierentforeach.Recentcalculations[10]ofquenched Q CD in thecovariant
Landau gauge suggest that ifchiralsym m etry is restored,then the quark connem ent solution
disappears.
4
with nitem assscaleand theissuesassociated with infrared slavery areavoided 2 .
In thisscenario experim entalinvestigationsofelectroweak sym m etry breaking will
be probing fundam entalproperties ofstrong coupling dynam ics. The W  and Z0
gauge bosonswhich couple to the neutrino are m assive and the QED photon and
QCD gluonsarem assless.
W hatabouttheelectroweak scale? Isthereanything which stabilisesit? First,
in thisscenario the SU(2)gauge sym m etry coupled to the neutrino isdynam ically
broken. Second, dynam ics associated with the Ising \spin" interaction are sup-
pressed in the spontaneous m agnetisation phase by the exponentialfactor e  M
where  is a nite inverse m ass-scale like an inverse sm all-tem perature factor or
a m ass scale typicaloflaboratory experim ents,suggesting a naturalhierarchy of
scales. Further,the enorm ous excitation energy for right-handed neutrinos  M
rem inds us ofthe innite energy required to excite a free-quark in QCD because
ofconnem ent. The innite free-quark excitation energy com pareswith the nite
chiralsym m etry breakingscaleF  100M eV.Likewise,theelectroweak m ass-scale
 250 GeV ism uch lessthan theright-handed neutrino excitation energy.
W hataboutniteneutrino m asses? W eak interactionsm ean thatwehavetwo
basicscalesin theproblem :J  M and theelectroweak scaleew induced by spon-
taneoussym m etry breaking. (Realistic accessible neutrino kinetic energieswillbe
m uch lessthan J  M and hencea m inorcorrection to thetotalenergy and Ham il-
tonian.) First,m ake the usualassum ption that electroweak sym m etry breaking
generates Dirac m ass term s forferm ions which participate in electroweak interac-
tions,e.g.as\im purities" in the\spin"system .Next,supposethatweapproxim ate
thetwo-phasespin-m agnetisation system by left-handed and right-handed neutrinos
with M ajorana m assterm sso thattheright-handed neutrino appearsonly atscales
 O (M )and electroweak processescontributea regularDiracm assterm .Then the








the second row and second colum n referto the right-handed states. Diagonalising
thism atrix forM  ew givesthelightm asseigenvalue
m   
2
ew=2M (15)
afterthe usualchiralrotation. Substituting the valuesofthe Planck m assM Pl q
hc=G N  1:2 10
19 GeV and the electroweak scale ew  250 GeV into Eq.(15)
2A sim ilareectoccursin 1+ 1dim ensionalgaugetheoriessuch astheSchwingerm odelcoupled
todynam icalferm ions:connem entgiveswaytoHiggsphenom enaiftheferm ion m assissetexactly
to zero [12].
5
givesm   3 10
  6 eV,which isplausibleforthem assofthelightestneutrino and
respectablegiven thesim pleapproxim ationsused above.
The m atrix in Eq.(14)lookslike the see-saw m echanism result[6]although the
fundam entalphysics isquite dierent. In the see-saw picture the left-handed and
right-handed com ponentsofa four-stateDiracneutrino aresplitby M ajorana m ass
term s involving coupling to scalar Higgs elds into a pair oftwo-state M ajorana
neutrinos with dierent m asses. The m asses ofthese left-handed light and right-
handed heavy M ajorana neutrinos are related through m   
2
ew=M D where m 
isthe m assofthe lightneutrino and M D isboth the \new physics" scale and the
m assoftheheavy neutrino.Fora lightneutrino m ass 0:05 eV thisrelation gives
M D  10
15GeV,which isnotso far(on a logarithm ic scale)from the Planck m ass
M Pl= 1:2 10
19 GeV.In thetwo-phasepicturesuggested herethetiny m assforthe
neutrino originatesfrom collective\spin dynam ics" nearthePlanck scaleinstead of
through localYukawacouplingstoelem entary scalarHiggselds.Theconnection to
the see-saw m atrix (14)suggeststhat,perhaps,theneutrino in thispicture should
beM ajoranaand thereforehavenovectorcurrent:itselectricchargeshould vanish.




  0:002 eV [13]has a sim ilar num ericalvalue to the range of
possible light neutrino m asses [2],prom pting the question whether related under-
lying dynam icsm ightbe atwork ? In the Ising m odelthe free energy density for
the spin system (orenergy available forwork)isrelated to the internalenergy per
spin through Eq.(7):  = @(F)=@. It follows that F    2ew=2M + O (kT)
where T is the tem perature ofthe system ,which for the present Universe is the
CM B tem perature2.73K orkT  0:0002 eV.Thefreeenergy density issuppressed
by the \spin dynam ics" which generate the spontaneousm agnetisation and which
\spin"-polarise the neutrino vacuum . The sm allnite value reects the relatively
sm allscalarcom ponent, ew=2M jscalariew ;qcd,associated with the electroweak
and QCD scales which is induced in an otherwise \spin"-polarised totalvacuum ,
viz.
jvacuum itotal (ew=2M )jscalariew ;qcd + jpolarised i (16)
Electroweak and QCD interactionscoupleto thescalarcondensatesassociated with
the scalesew and qcd whereasthe totalvacuum in thispicture isdom inated by
the \spin"-polarised neutrino com ponent with zero free-energy density. W ithout
the \spin-polarised" com ponent the free-energy density would be 
1
4
  ew. The
positivesign forthefree-energy density correspondsto negativepressure.
In conclusion,there are clearsim ilaritiesbetween neutrino phenom enology and
spontaneousm agnetization in the Ising m odel. Thissuggeststhe conjecture that,
perhaps,neutrinos are associated with the spontaneous m agnetisation phase ofa
spin m odelinteraction which operates at scales close to the Planck m ass. The
6
phasetransition associated with thespontaneousm agnetisation ofneutrinochirality
in the spin system would,in turn,lead to parity violation and,we have argued,
also spontaneous breaking ofthe SU(2)gauge sym m etry coupled to the neutrino.
Further,therewould bearapid drop in thepotentialgoverningtheeectiveneutrino
m ass or \energy per spin" from a value close to M at tem peratures kT  M to
a value  2ew=2M in the ground state which m ightbe connected to the potential
needed forination.Thereisnoelem entaryscalareld in them odel.Itisinteresting




com parablewith theexpected valueofthelightneutrino m ass.Forthespin system
thecorresponding freeenergy density goesasF  m + O (kT).
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